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AN INVESTIGATION OF THE RELATIONSHIP BETWEEN DERMAL 
STRESSES AND FOOT GROUND STRESSES IN DIABETIC PATIENTS 
 
ZAID M. HASASNEH 
 
ABSTRACT 
 
More than 150 million people worldwide suffer from some form of diabetes. Unlike 
many other diseases, such as malaria, diabetes is common everywhere but more so in the 
industrialized countries such as the United States. Diabetes can have detrimental consequences if 
not controlled. These include blindness, cardiovascular problems, renal failure, and amputations 
due to foot ulceration. 
 While, diabetes is categorized as an endocrine system disorder, some of its known 
complications are associated to the science of biomechanics. Foot ulcers are caused by vascular 
deterioration due to diabetes, but also directly related to the natural mechanical forces and loads 
applied to the feet. Therefore, studying these forces, their locations, distribution and their 
induced stresses might be a key to preventing the occurrence of these ulcers. 
 This study utilizes the Finite Element Analysis method to investigate the stresses caused 
by the pressure distribution due to natural mechanical loading on the foot. These mechanical 
loads, when combined with vascular complications and physiological changes to the structure 
and tissue of the foot, may tend to increase the likelihood of foot ulceration. 
 This study found that mechanical stresses are higher in diabetic patients when compared 
with non-diabetic patients. Ulcers where sometimes forming at area that is closer to high strains 
occurrences. Theses strains were higher in fat region than in epidermis or dermis regions. A 
stiffness ratio K was found between diabetic and non-diabetic skin. This value of stiffness was 
1.533 which is in the range of 1.0 for normal tissue to 5.0 for progressive stiffened tissue.  
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Chapter I 
 
Introduction 
 
More than 150 million people worldwide suffer from some form of diabetes. Unlike 
many other diseases, such as malaria, diabetes is common everywhere but more so in the 
industrialized countries such as the United States. Diabetes can have detrimental consequences if 
not controlled. These include blindness, cardiovascular problems, renal failure and amputations 
due to foot ulceration. 
  The number of people diagnosed with diabetes in the United States has been showing a 
large increase, it has more than doubled during the period of 1980 to 2002 [1]. The numbers have 
increased from 5.8 million to 13.3 million during this period of 22 years, an average of 341,000 
new cases diagnosed each year.  Approximately 18 million Americans have diabetes today with 
more than 5.2 million undiagnosed cases [2]. The cost of treating such a chronic disease and its 
complications has been shown in the year 2002 to be a total of $132 billion broken into two 
different categories [3]: 
1. $92 billion for direct medical costs comprised of $23.2 billion for diabetes care, $24.6 
billion for chronic complications due to diabetes, and $44.2 billion for excess prevalence 
of general medical conditions. 
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2. $40 billion for indirect costs such as disability, work loss, and premature death. The 
average annual health care costs for a person with diabetes are approximately $13,243, 
while it is about $2,560 for a person without diabetes [4]. A major portion of the costs are 
associated with the treatment of the complications resulting from diabetes, particularly 
foot ulcerations to prevent future reoccurrence and amputations. Therefore, prevention of 
foot ulcerations can reduce the costs associated with diabetes health care. An 
understanding of the biomechanics issues involved in the feet is one of the simplest 
methods of prevention. Thus, the extra time spent by the physician and patients to 
become familiar with those issues will have beneficial results for both patients and the 
health care system [5]. 
Fifty percent of all lower limb amputations are caused by diabetes. The cost of amputation is 
very high and is dependent on the level of amputation. These costs are either direct for the 
procedure performed or indirect for the therapeutic and rehabilitation afterwards.  
Due to the dramatic effect of amputations on both the patient and the health care system, 
better ways of prevention of complications due to diabetes are needed. The path to understanding 
these complications and the nature of their occurrence may lie in the science of biomechanics.  
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1.1  Statement of Problem 
Biomechanics is the study of mechanics of a living body, particularly the forces exerted by 
muscles and gravity on the skeletal structure; it is also used to study a function or a part of a 
living body. 
While, diabetes is categorized as an endocrine system disorder, some of its known 
complications are associated to the science of biomechanics. Foot ulcers are caused by vascular 
deterioration due to diabetes, but also directly related to the natural mechanical forces and loads 
applied to the feet. Therefore, studying these forces, their locations, distribution and their 
induced stresses might be a key to preventing the occurrence of these ulcers. This can be done by 
reducing the concentration of certain high forces from localized areas and redistributing them to 
other areas of lower force incidence (Figure 1.1). 
 
Figure 1.1: Diagrammatic representation of pressure distribution under the foot 
 
By diverting the forces from areas of high concentrations to areas of lower 
concentrations, stresses will be reduced, preventing mechanical and structural failure to tissues 
due to a combination of physiological and mechanical factors including the thinning of the fat 
pad which produce changes in the structure and nature of the dermis and epidermis layers [6]. 
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Chapter II 
 
Background 
2.1 Insulin & Diabetes Mellitus 
Diabetes is one of the leading causes of death in the United States (Figure 2.1). It is a 
disease that develops as a result of either the inability of the pancreas to produce enough insulin 
(Type 1), or when the body's tissues become resistant to the insulin (Type 2). The two conditions 
may occur simultaneously, and each results in hyperglycemia where the blood is saturated with 
glucose.  
 
Figure 2.1: Leading causes of death in the United States. 
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 Insulin is a hormone that enables blood glucose molecules to enter about 2/3 of the cells 
of the body. It also controls many other body mechanisms, from fat processing in liver and fat 
cells to protein synthesis by controlling amino acid uptake in cell. It is an important hormone for 
controlling metabolism. It is produced in the endocrine part of the pancreas, which consists of 
specialized cells scattered throughout that organ.  
Insulin is used medically in some forms of diabetes mellitus. Type 1 diabetic patients 
depend on exogenous insulin (typically injected) for their survival because of an essentially 
absolute deficiency of the hormone. Type 2 diabetes starts as insulin resistant and later might 
require exogenous insulin when there is a progressive destruction of the beta cells.  Insulin was 
first isolated in 1922 by Banting & Best, this discovery has changed prognosis of severely 
diabetic patients [7]. The first successful treatment with insulin happened in Toronto, Canada, on 
January 11, 1922 [7].    
2.1.1 Diabetes Mellitus Type 1   
 
Type 1 diabetes is most commonly diagnosed in children. It is an autoimmune disorder, 
in which the body's own immune system attacks the glutamate decarboxylase enzyme in the 
hormone-producing beta cells of the Islets of Langerhans in the pancreas (Figure 2.2), preventing 
them from producing enough (or any) insulin. The autoimmune attack is generally triggered by 
an infection [8]. 
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Figure 2.2: Islets of Langerhans in the pancreas 
Type 1 is almost always treated with insulin injections, usually using intensive insulin therapy. 
Doses are adjusted differently from patient to patient.   
2.1.2 Diabetes Mellitus Type 2 
  This type of diabetes usually occurs in people that are older in age. A number of 
diseases can trigger this type of diabetes mellitus. It is initially treated with weight loss, which 
can restore insulin sensitivity. If needed the next step is treatment with oral anti-diabetic drugs. 
Combinations of different drugs are usually used for treatment, but when these fail, insulin 
therapy will be necessary to achieve glycemic control.  
2.1.3 Gestational Diabetes Mellitus  
 
Gestational Diabetes appears in about 2-5% of all pregnancies. About 20-50% of these 
women go on to develop Type 2 diabetes. Understanding the mechanism of insulin can be 
beneficial to managing the different kinds of diabetes.  With insulin treatment, morbidity and 
mortality caused by the complications of Type 1 and Type 2 diabetes mellitus can be reduced. 
Patients with Type 1 diabetes normally use insulin as the primary treatment. Patients with Type 2 
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diabetes will usually need to use insulin to control their glucose levels at a later stage of the 
disease.  
2.1.4 Diabetes Treatment  
 
Diabetes is a chronic disease and since there is no cure, it can only be treated by good 
management; this normally requires a life-long treatment with medication. Moreover, it can also 
lead to several serious and chronic complications resulting to becoming dependant on dialysis, 
blind and wheelchair-bound if management is not adequate and systematic [9].  
Diabetes mellitus requires complex therapeutic treatments, education and life-style 
modifications to minimize the consequences. The management of diabetes is not limited to 
sustaining normal glycemic control, but also prevention of hypoglycemic events. 
2.2 Complications 
 Diabetes impacts every cell in the human body leading to many abnormal behaviors in 
different body cells, which results in developing variety of complications. The following is a list 
of the types of complications associated with Diabetes Mellitus: 
• Non-vascular 
- Skin. 
- Gum disease and teeth decay. 
- Infections. 
• Vascular 
- Microvascular. 
- Macrovascular. 
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2.2.1 Non-vascular 
Non-vascular complications are those not related to small, medium, or large blood 
vessels. These might be seen in normal non diabetic people but with less severity.   
Skin Physiological Changes 
The largest organ in the body is the skin; it forms about 16% of the total body weight. 
The structure of the skin is basically composed of the epidermis, dermis, and subcutis. 
Being the largest organ in the body it gets severely affected by complications such as 
formation of skin lesions and diabetic blisters, thickening of skin, lowered sensory innervations, 
and impaired wound healing leading to infected ulcers. 
Gum Disease and Teeth Decay  
 Diabetes causes an increase susceptibility to having gums disease, since, millions of 
germs live in the mouth; people with diabetes are more vulnerable to develop infections of the 
gums and the bones that hold the teeth in place [10]. In addition, the decrease in saliva due to 
high blood sugars may cause dry mouth, an increase in tooth decaying bacteria and plaque build 
up. 
Infections 
It is a medically accepted fact that people diagnosed with diabetes have an increased 
susceptibility to infection [10]. Diabetic patients experience some changes in their immune 
system functionality, such as lower leucocytes levels or a reduced ability by the body to combat 
bacteria (phagocytosis). As a result of this immune system function alteration, multiple types of 
infection might be experienced by diabetic patients, such as respiratory tract infections, urinary 
tract infections, and as mentioned above, skin and soft tissue infections (ulcerations) and gum 
infections (gingivitis). 
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2.2.2 Vascular   
All complications that involve blood vessels are grouped under the vascular 
complications. It is divided into two groups, Macrovascular, and Microvascular. 
Macrovascular  
 Macrovascular complications involve medium and large blood vessels leading to 
cardiovascular diseases (CVD).  Atherosclerosis, coronary artery disease (CAD), stroke, and 
rapid restenosis of large vessels are examples of the CVD that are linked to diabetes. 
It is now believed that oxidative stress combined with lipidemia, and hypertension will accelerate 
vascular disease [11]. 
Microvascular 
This type of complication involves small blood vessels leading to developing a variety of 
problems in diabetic patients. These problems encompass changes in the structure, and function 
of the kidney (nephropathy), retina (retinopathy), and nerves (neuropathy), which may lead to 
end stage renal disease, blindness, and lower limb amputation. 
Nephropathy 
 Diabetic nephropathy can occur in both Type 1 and Type 2 diabetes mellitus.  Major 
changes in the kidneys in diabetic nephropathy occur progressively. Glomerular basement 
membrane thickening; and glomerular sclerosis are some of these changes that lead to a long 
term kidney damages due to microalbuminuria. The kidneys filtering mechanisms become 
dysfunctional due to the excessive amount of blood processed through the kidneys, and proteins 
such as globulin and albumin will be discharged through the urine. The failure of the kidneys to 
perform the job of filtering the additional amounts of blood received, and the development of 
microalbuminuria will result in renal failure or what is known as end stage renal disease. 
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Retinopathy  
Diabetic retinopathy is a serious condition that affects the eyes. Treatments are available, 
and it is most successful usually at an early stage of the disease. There are two types of 
retinopathy: 
• Non-proliferative retinopathy  
• Proliferative retinopathy  
Non-Proliferative Retinopathy  
It is the least severe form of retinopathy but may slightly decrease vision. The 
abnormalities are limited to the retina (Figure 2.3). When this condition involves the macula (the 
part of the retina that gives the sharpest vision), vision will be hampered. The earlier this type of 
retinopathy is discovered, the more successful the treatment. This can progress to proliferative 
retinopathy if left untreated. 
 
 
 
 
 
 
 
 
 
 
 
  Figure 2.3: Minimal Non-Proliferative Diabetic Retinopathy  
   Few scattered Microaneurysms (m)   
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Proliferative Retinopathy 
It is a more serious condition that can lead to blindness (Figure 2.4). It develops when 
new blood vessels branch out in and around the retina. Since these blood vessels are thin and 
fragile rupture can easily occur causing bleeding in the fluid-filled center of the eye [12]. 
Swelling of the retina can also be a result of a serious diabetic eye disease.  
 
 
 
 
 
 
 
   
      Figure 2.4: High risk Proliferative Diabetic Retinopathy – Large frond of disc new vessel (v)  
      And Pre Retinal Hemorrhage (h) (http://www.eyesondiabetes.org.au/article/9)  
 
Neuropathy 
Diabetic neuropathy is a condition that affects the nervous system.  Different types of 
diabetic neuropathy exist but the most common type is the distal symmetric neuropathy 
(peripheral neuropathy). This type affects the somatic sensory or motor nerve and the autonomic 
nervous system. People with diabetes can have damage to the nerves leading to numbness, loss 
of sensation and at times pain and weakness in the limbs. Other problems may also include 
troubles with the digestive tract, heart, and sex organs. Neuropathy can occur at any time in 
diabetic people, but those who had diabetes for a long time will have higher risk. Approximately 
50 percent of diabetic patients have some kind of neuropathy, but not all those who have 
neuropathy will experience the symptoms. 
 
Types of Diabetic Neuropathy 
 
The types of diabetic neuropathies can be categorized as follow: 
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1- Motor Neuropathy   
 
This type of neuropathy causes either pain or loss of feeling in the toes, feet, and legs. It also 
causes a weakness in the foot muscles leading to an imbalance between the long flexor and 
extensor tendons. This imbalance or physical change will cause a structural change or deformity 
in the foot through the clawing of the toes, which displaces the fat pad under the metatarsal 
heads. This displacement of the fat pad leads to a reduction in the cushioning under the 
metatarsal heads.   The parts of the body affected by this neuropathy are: 
• toes  
• feet  
• legs  
2- Autonomic Neuropathy 
Autonomic neuropathy affects the digestion system, bowel and bladder function, 
perspiration, and sexual response. It could also have an affect on the heart, nerves and the control 
of blood pressure. Additionally, hypoglycemic conditions may also be a result of autonomic 
neuropathy.  Therefore, the parts of the body that are associated with this type of neuropathy are: 
• heart and blood vessels  
• digestive system  
• urinary tract  
• sex organs  
• sweat glands  
• skin 
• eyes  
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3- Sensory Neuropathy 
 
 This type of neuropathy can be with or without pain, but the painless kind will have the 
most detrimental effect on the foot. If the foot gets subjected to certain trauma, that it goes 
unnoticed can lead to repeated trauma. This situation can deteriorate and cause advanced stage 
ulcers and other deformities such as Charcot foot [13].  
The combination of motor autonomic and sensory neuropathy will increase the risk for 
ulcers to develop. This is due to the physical and structural changes that are associated with 
these neuropathies. These changes vary from changes in the fat pad of the foot to the 
reduction of the amounts of nutrients and oxygen delivered to the tissues within the foot.   
2.2.3 Foot Ulcers 
Foot ulcers are skin lesions or erosions that become as sores or open wounds that extend 
through the tissues.  A negligence of an ulcer case can produce a more destructive condition 
involving necrosis of the tissue and lead to an amputation [14]. The risk of a diabetic person 
developing an ulcer in his lifetime is 15% [15].  The average length of hospitalization time is 
59% longer in diabetic people developing an ulcer when compared with diabetic people without 
ulcers.  
Patients with foot ulcers have limited mobility because of these ulcers, or are prevented to 
move through the course of treatment to avoid further complications, which could lead to lower 
limb amputations.  According to a study conducted by Pecoraro et al [30] in the Seattle Veterans 
Affair Medical Center, 84% of 80 amputee subjects studied had amputations as a result of an 
initial ulcer. This study showed the different stages that would lead to lower limb amputations in 
diabetic patients. The stages can be summarized as follow: 
• Neuropathy caused by diabetes. 
28 
 
• Ischemia, systemic circulation disorder caused by diabetes. 
• Minor trauma. 
• Ulceration caused by diabetes. 
• Faulty wound healing. 
• Infection. 
• Gangrene. 
Foot ulcers can be as a result of many reasons, but in diabetic patients it is usually a result of 
neuropathy. Ulcers can deteriorate due to the inability of tissues to self-repair in a timely and 
orderly manner [16]. Several types of ulcers exist and are listed as follow:  
• Neuropathic ulcers. 
These types of ulcers are associated with diabetes due to loss of sensation in the feet, and 
repetitive high mechanical loadings hence the location of these ulcers will be in the plantar area 
of the foot (Figure 2.5).  The patient will not usually realize the amount of stress the foot is 
experiencing (because of lack of pain) and ulcers may occur. The amount of blood supplied to 
the feet is usually adequate; therefore, the main contributing factor to having this type of ulcer is 
high mechanical loading [17]. 
 
Figure 2.5: ulcers on the plantar area of the foot 
 
 
  
Figure 2.6: Ischemic foot ulcers developed on the 
upper part of the foot 
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• Ischemic ulcers. 
The ischemic foot ulcer develops with low pressures applied constantly over long periods of 
time. Improper foot wear is one of the main causes to developing this type of ulceration, 
particularly new shoes. This starts when a constant pressure occurs at the upper part of the foot. 
Using the simple rule of mechanics stress= force/area, shows that these ulcers will prevail in the 
smallest areas such as 1st and 5th metatarsal heads (Figure 2.5).  From clinical observations it has 
been seen that ischemic ulcers do develop in the regions of the 1st and 5th metatarsal heads [18].   
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Chapter III 
Materials 
3.1 Material Types of Tissue 
This chapter will describe the human tissue properties that are involved in the human foot 
and will show how these properties are used in the finite element modeling process. The tissues 
and their mechanical behaviors pattern used in this process are listed in the table below (Table 
3.1): 
Table 3.1: Tissues and Material types used in the finite element models. 
Tissue Material Type Examples in Literature 
Skin Hyperelastic Thompson et al (1997) 
Fat Hyperelastic Thompson et al (1997) 
Muscles Hyperelastic Gefen et al (2003) 
Bone Linear Elastic Chen et al (2001) 
 
As the table indicates, two material types are identified, linear elastic, and hyperelastic. The two 
material types vary in their mechanical behaviors, as the elastic follows a linear behavior while 
the hyperelastic follows a nonlinear behavior. 
3.1.1 Linear elastic Behavior 
The linear elastic behavior describes a material property of an element, which dictates that the 
strain and the stress are related proportionally. This relationship explains how the deformation is 
present when the stress is present, and how the removal of the stress will eliminate the strain. 
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This phenomenon is called Hooke's Law which can be applied while the stress of the material 
does not go beyond the point known as the proportional limit of the material. The proportional 
limit of a material is defined as the point on the stress-strain curve where the stress ceases to be 
proportional to strain. This can be expressed mathematically follow:  
  E
σε =  
Where: 
 ε= Strain. 
 σ = Stress. 
 E= Modulus of elasticity. 
Graphically this can be expressed as follow (Figure 3.1): 
                  
 
 
 
 
 
 
Figure 3.1: Graphical illustration showing the relationship between stress & strain 
3.1.2 Viscoelastic and Hyperelastic Behavior 
 Most structural engineering materials are described, for small strains, by Hooke's law of 
linear elasticity: stress is proportional to strain.  In reality all materials can deviate from Hooke's 
law in various ways, this occurs by exhibiting viscous and elastic characteristics.  
 
…………………………….Eq. (1) 
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 Viscoelastic behavior occurs when the relationship between stress and strain is time 
dependent [19]. Any material is considered viscoelastic when it exhibits the following 
phenomena:  
• When the stress is held constant, the strain increases with time, this phenomena is called 
creep. 
• When the strain is held constant, the stress decreases with time, this phenomena is called 
relaxation (Figure 3.2). 
• The effective stiffness depends on the rate of application of the load. 
• When cyclic loading is applied, hysteresis (a phase lag) occurs, leading to a dissipation of 
mechanical energy.  
All materials exhibit some viscoelastic response. In common metals such as steel or 
aluminum, at room temperature and at small strain, the behavior does not deviate much from 
linear elasticity. Materials such as synthetic polymers, wood, and human tissue as well as metals 
will experience viscoelastic behavior at high temperature. Also, some human tissues are 
viscoelastic at low temperature. In some applications, even a small viscoelastic response can be 
significant. An accurate analysis or design should incorporate viscoelastic effects of materials 
particularly, if the design is temperature or time dependant. 
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Figure 3.2: Relationship between stress & strain in a viscoelastic behavior 
A hyperelastic material can be considered as an elastic material but highly non linear. The 
hyperelastic material deformation for large strain values remains elastic with the following 
assumptions: 
• Elastic material behavior is present. 
• Isotropic material behavior. 
• Incompressible material. 
Therefore, hyperelasticity applies to materials that experiences large strains and deformations 
with a non-linear relationship between the stresses and strains [20]. Since time is not of concern 
in this type of study then viscoelastic properties are not needed. All the soft tissues were assigned 
a hyperelastic material property in the FEA modeling phase.  
 There are different types of hyperelastic models that defines the strain energy function 
such as [20]: 
• Polynomial.  
• Ogden.  
• Arruda-Boyce. 
• Van der Waals  
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There two types of hyperelastic models generally used; the first is the Polynomial model and 
second, is the Ogden model. The equations below represent each model [21]:        
• Polynomial  
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           Where Cij, Di, in Eq.2 are temperature dependent material parameters relate to the 
compressibility of material. In Eq.2 λi, are the principal deviatoric stretches, J is volume ratio, µi 
is a parameter controlling initial material stiffness and αi controlling strain hardening behavior. 
Also, the models assume an incompressible material. Based on the assumption of 
incompressibility the last term of Eq. (3) will be dropped leaving a simplified form of the 
equation. See below Eq. (4). 
            
            
)3
1
(
2
2
321 −++∑==
iiiN
i i
iU
αλαλαλ
α
µ
 
 
Further simplifications can be performed on the above equation [21], leaving it in the 
following form Eq. (5): 
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The nominal stress relation can be obtained from Eq. (5) using the following Eq. (6): 
 
..….Eq. (2) 
 
…...Eq. (3) 
 
……………….Eq. (4) 
 
……………….Eq. (5) 
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Finally, the stress-strain relationship can be expressed as follow Eq. (7): 
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Where λ1=1+ε1, and ε1= ∆L/L0. 
3.2 Single Phase Finite Element Models of the Foot (FEM) 
Finite element modeling of the foot uses the single phase approach to modeling which is 
defined as the modeling of the solid geometries with no regard to the effect of fluid (such as 
blood flow effects).  
The finite element models of the foot that exist were used to study many different 
mechanical effects, such as planter pressure distribution, reaction forces, and stresses induced 
during activities such as walking, running, and some sport activities. These finite element models 
can be broken into two categories, the first is a simple two dimensional finite element models, 
and the second, is a three dimensional finite element models. Below is a review of the two 
categories and the models that exist in the literature. 
3.2.1 FEM of skin 
 Previous skin studies focused mainly on uniaxial experimental data, and used animal or 
human skin specimens. The experiments were designed to predict the mechanical properties of 
the skin. While the properties obtained may be good for two dimensional skin models, it is 
unreasonable to assume that these properties can apply to three dimensional models. A study by 
Vogel (1987) used human cadaver skin specimen to study the age dependence of mechanical and 
 
……………….Eq. (6) 
 
……………….Eq. (7) 
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biochemical properties of human skin. This study used tensile test to acquire stress and strain 
values [32].  A study by Daly (1982) aimed at studying the biomechanical properties of dermis 
used human cadaver skin specimen from the abdomen below the umbilicus [33].  Tensile tests 
were performed on these specimens using the Instron TM-M tensile tester. The results showed 
that under initial loading the skin will extend larger than it would under larger loads and with 
higher stress. This indicated that the skin acted in an elastic behavior at low loads (Figure 3.3).   
 
 
            Figure 3.3: Stress strain curve at low stress showing details of the initial elastic region 
           The young modulus E is the slope of the initial linear part of the curve. KPa= kilo Pascal. [33] 
 
3.2.2 Two dimensional FEM 
A sagittal section 2-D model was developed by Thompson et al (1997) this model was 
aimed at studying the stress distribution inside the foot during walking. This model included the 
second metatarsal, the proximal phalanx, the intermediate cuneiform, talus and calcaneus. It also 
included the plantar aponeurosis; the calcaneal and metatarsal fat pad and the skin on the plantar 
surface of the foot. The mesh in this model consisted of a mixed mesh using 8 and 6 node 
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geometry adaptive elements (Figure 3.4). The material properties were assigned to the model 
giving linear elastic properties to the bone, muscles, and plantar aponeurosis, while giving a non-
linear hyperelastic property to the skin. Abaqus was used to perform the analysis [14]. 
 
Figure 3.4: Thompson 2-D model of the foot [14] 
 
A model was developed by Gefen et al in 2003 to study the stress distribution in planter 
soft tissue under the medial metatarsal heads for diabetic and non-diabetic foot. This model takes 
into consideration that the foot is divided into five anatomic plantar cross sections marked S1-S5 
(Figure 3.5). This model was solved for internal stresses under static joint reaction and the 
triceps surae muscle forces [22].     
The geometry of the foot’s skeletal cross-sections of an adult female was acquired using 
magnetic resonance imaging (MRI) and transferred to a commercial analysis software package. 
ANSYS was used for the construction of planar models for the five rays of the foot.  Cartilage 
and ligaments were included and their properties based on published anatomic data. The bones 
and the cartilage surfaces were assigned linear isotropic elastic properties. Ligaments, soft tissue 
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and fat pad were assigned non-linear materials. The Young’s modulus used for bone was 7300 
MPa and the Poisson ratio was 0.3, while the Young’s modulus used for cartilage was 10 MPa, 
and the Poisson ratio was 0.4. A polynomial model of the fifth degree was used to fit the stress 
strain data for the ligament and the fat pad. The mesh used consisted of quadrilateral elements 
for each cross sectional ray.  
 
 
Figure 3.5: the model takes into consideration that the foot is divided into five anatomic plantar cross sections 
marked S1-S.5 [22]. 
 
3.2.3 Three Dimensional FEM 
 A study by Chen et al (2001) was on a model generated from CT (computer tomography) 
scan images of the right foot of a 24 year-old male. The main purpose of this study was to 
quantify the stress distribution of the foot during mid-stance to push-off in barefoot gait. Several 
assumptions had to be made to simplify the model due to the vast complexity of the foot 
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structure. Two columns that grouped the twenty seven bones inside the foot (Figure 3.6) were 
created. In addition to the bones, ligaments, cartilage and soft tissue were included in the model 
[23]. The elements chosen for this model consisted of tetrahedral elements for the bones, soft 
tissues, and cartilage, and two node cable elements for the ligaments. Also, the assumption of 
isotropic linear elastic behavior of material for all tissues was used. The floor was modeled as a 
rigid surface, and the bottom of the foot was assigned a deformable contact surface condition. 
The data on the subject were collected using motion analysis during walking and used in the 
model to set the boundary conditions. The analysis used a contact model criterion, where the foot 
displacement was held at zero avoiding it from moving, and the rigid floor plane was allowed to 
move towards the foot with constant velocity. The rigid floor was placed initially at 10 mm 
beneath and parallel to the foot model, a constant velocity of 20 mm/s was assigned to the floor 
to start moving it towards the foot.  
 Another study was performed by the same group [24]; the main objective was to 
investigate the effect of the total contact insoles on the plantar stress redistribution utilizing finite 
element modeling procedure. In this study three different types of shoe insoles were utilized 
(Figure 3.7). The insole material properties were modeled using a hyperfoam (hyperelastic 
model) strain energy function similar to the Ogden equation was used in this study. The loading 
followed the same scheme used previously. The foot was held stationary, and the rigid floor 
plane was set to be moving from the 10mm position beneath the foot insole in an upward 
direction towards the foot to achieve contact. The foot and the insoles were modeled as 
deformable contact bodies while the rigid floor plane was modeled as a rigid contact body. Also 
a friction coefficient of 0.3 was used in this analysis at the contacts interfaces. 
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Figure 3.6: Model of twenty seven bones inside the foot including cartilage elements Chen [23] 
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Figure 3.7: Finite element models of the (A) flat insole (consisted of Microcel Puff), B) TCI-1 (consisted f PPT, 
Microcel Puff and Thermocork), and (C) TCI-2 consisted of medium Plastazote and PPT). [24] 
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Cheung et al created a three dimensional model of the foot from three dimensional MRI 
images of the right foot of a 26 year old normal male subject [25]. The images interval was 2mm 
in the unloaded foot position. Image segmentation was performed using MIMICS to obtain the 
surface geometry, which was then processed through SolidWorks to acquire the complete 3-D 
solid geometry. Abaqus was then used to apply the boundary conditions and to perform the 
analysis. The model was formed using 28 bone segments including the talus, calcaneus, cuboid, 
and navicular, see figure below (Figure 3.8). 
 
Figure 3.8: A three dimensional model of the right foot from three dimensional MRI images [25] 
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The phalanges were fused together using 2mm thick solid elements. This was done to simulate 
the connection of the cartilage and other connective tissues. Contact surfaces were defined as the 
interaction criteria between the metatarsals, talus, cuboid, navicular, calcaneus, tibia, and fibula. 
This was done to simulate movement. Also, frictionless contact was used by defining a surface to 
surface contact analysis in Abaqus. The model was meshed using tetrahedral elements for the 
bones, soft tissue, and cartilages, while tension trusses were used for the ligaments and fascia. 
The ground was modeled using brick elements. All the bones and ligaments were embedded in 
the soft tissue volume. A total of 54,188 four node tetrahedral elements were generated for the 
bones and soft tissue. All the materials were assumed to be isotropic linearly elastic except for 
the soft tissues where, hyperelasticity was assumed. The bones were assigned a Young’s 
modulus of 7300 MPa and a Poisson ratio of 0.3. The fascia’s Young’s modulus was assigned to 
be in the range of 0 to 350. A 2nd order polynomial stress-strain function was used for the 
hyperelastic material property which was applied to the soft tissue. 
 A second study was performed by Cheung et al [30] to study the effect of the plantar 
fascia stiffness on the biomechanical responses of the ankle and foot (Figure 3.9). Using the 
same model as above and for the same subject the 3-D model was generated and transferred to 
Abaqus for boundary condition assignments and analysis. The material properties for the bones, 
cartilages ligaments and the ground were the same as in the previous model. For the soft tissue, 
the Young’s modulus and Poisson ratio values were obtained using an ultrasonic indentation 
system; the averages of these values were 0.15 and 0.45 respectively. The fascia’s Young’s 
modulus was assigned to be in the range of 0 to 700 MPa.  
44 
 
 
 
 
Figure 3.9: Cheung model, effect of the plantar fascia stiffness on the biomechanical responses of the ankle and foot 
[30]. 
 
The studies previous to this study assumed linear tetrahedral elements which tend to 
stiffen the elements. Also, some of these models assumed linear elastic behavior for all the 
tissues, finally shear was not studied. This current study uses quadratic tetrahedral elements for 
the bones and the internal tissues while uses hexahedral elements for the skin part of the foot. 
Hyperelastic material is assumed for the entire soft tissue region and shear affects are included.   
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3.3 Objectives of This Study 
All the previous studies did not address the issue of strain differences in the various tissue 
layers of the foot, and the effect of shear loading on the foot. This study utilizes the science of 
mechanics to investigate the stresses and the strains caused by the pressure and the shear loading 
distribution due to natural mechanical loading on the foot. These mechanical loads, when 
combined with vascular complications and physiological changes to the structure and tissue of 
the foot, may tend to increase the likelihood of foot ulceration. The physiological problems can 
be reduced by the patient through a tight glycemic control, while the reduction or redistribution 
of mechanical loading cannot be managed by the patient alone, and requires engineering analysis 
to find out the best way to minimize it. A summary of the factors that need to be addressed are as 
follows: 
• Changes in the structural nature of the foot and its performance under loading. 
• Physiological changes including tissue property changes. 
Therefore, the aims this study addresses are: 
Objective 1:  To create a three dimensional model for the purpose of studying the difference in 
the mechanical stresses in the feet of diabetic and non-diabetic patients and, to show the 
correlation between these stresses and the location of foot ulcers in diabetic patients.  
Objective 2:  To show that higher strains are present in fat and muscle than in the dermis and 
also higher strains are in the dermis than in the epidermis. 
Objective 3:  Pressure alone would likely underestimate the accurate loading of the foot and 
does not give a precise presentation of the mechanical stresses in the foot. Hence, the shear 
loading and the shear effects must be combined with the pressure loading to recreate a more 
realistic representation of stresses in the foot. 
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Chapter IV 
Methods 
It is a well known fact that foot ulceration development is due to a combination of 
factors. These factors are, physiological due to uncontrolled glycemic levels, and mechanical due 
to increased stresses in the foot [17]. Therefore, certain measurements have to be taken to 
establish the relationship between the physiological and mechanical factors. 
4.1 Magnetic Resonance Imaging (MRI) of the Foot 
Magnetic resonance imaging (MRI) is an imaging technique used to produce images of 
different internal parts of a body and is usually used as a diagnostic tool. In the medical research 
area MRI is used to obtain certain anatomical information about a particular body part. In this 
study MRI images were used to get images of the foot for the purpose of clinical assessments 
and for creating the structure of the foot. MRI is based on the principles of nuclear magnetic 
resonance. The human body is composed mainly of fat and water. Since fat and water both have 
many hydrogen atoms and the magnetic resonance imaging primarily images the NMR signal 
from the hydrogen nuclei, then images of the internal body parts can be generated. Based on this 
premise, body parts such as bone which has little or no hydrogen atoms appear black, whereas fat 
will appear brighter since it has more hydrogen atoms (Figure 4.1).  
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 Magnetic resonance imaging is rapidly improving its resolution to produce clear and 
concise images with better differentiation between the various tissue types. Recently 3.0 Tesla 
MRI machine have been released to many medical facilities in place of the older 1.5 Tesla 
machines. Also, 3D MRI enhanced images are now being used in some facilities around the 
world. 
 
Figure 4.1: An MRI image of the foot using 1.5 Tesla unit. 
 
A total of 20 subjects ages ranging from 40 to 82 years old (Table 4.1&4.2) were chosen 
to have their feet modeled and analyzed per objective 1 in section 3.3. The subjects included 10 
subjects with diabetes, and 10 subjects without diabetes. The subjects included both males and 
females. The number of subjects to participate in this study was dependent on matching the ages, 
weight, and race of diabetic with non-diabetic patients, and also on the availability of subjects 
that are willing to participate in the study.  Images were obtained using a whole body 1.5 Tesla 
unit in order to obtain structural information of the foot. Different contrast effects were achieved 
by varying the settings on the T1, T2, TR, and TE protocols and parameters before acquiring the 
images. Below is a table that shows the parameters and sequences used for this study. The 
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direction of image acquisition was set using the localization sequence, while, the structural 
information of the foot was acquired using the T1-weighted (and spin weighted sequences). 
Determining the material properties of fat can be done using the five different T1 sequences [27]. 
T2-weighted images provided qualitative information about the foot, such as sites of fluid 
accumulation [21]. The time needed to acquire theses sequences of images listed in (Table 4.3) 
was approximately 30 minutes, this time did not include the setup time.  
 Table 4.1: Diabetic Subject Demographics showing Age, Gender, Race, and Duration of Diabetes  
Diabetic Subject Demographics 
Subject  Age Gender Race Duration 
1  80 M W 9
2  46 M W 27
3  42 F W 32
4  67 M W 3
5  74 M W 24
6  47 F W 34
7  64 F W 38
8  75 M W 12
9  70 M B 30
10  69 M W 43
 
 
Table 4.2: Non- Diabetic Subject Demographics showing Age, Gender, and Race 
Non‐Diabetic Subject Demographics 
Subject  Age Gender Race Duration 
1  55  B   F  ND
2  53  M  W  ND
3  74  M  W  ND
4  69  W  M  ND
5  49  W  M  ND
6  66  M  W  ND
7  74  W  M  ND
8  82  W  M  ND
9  44  W  F  ND
10  61  W  F  ND
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Table 4.3: MRI sequences used in the study 
 
20 slices were acquired for each subject spaced at 6mm each, but only 9 slices for a total 
length of 54mm were chosen for generating the foot models. These slices were selected based on 
the metatarsal head region as the location of interest (Figure 4.2).  
 
Figure 4.2: View of a subject’s foot with the area of interest 
 
 
 
 
 
 
 
50 
 
4.2 Measurements 
To test the objectives of this study certain lab measurements were needed.  These 
measurements included pressure, and shear for each subject. 
4.2.1 Pressure Measurements 
   The NOVEL EMED-SF/2 pressure platform (Figure 4.3) was used to acquire barefoot 
foot pressures during walking. The NOVEL EMED-SF/2 pressure platform measures 64.5 x 34.1 
x 2.0 cm and has a pressure sensitive area of 44.5 x 22.5 cm. It consists of 2,016 individual 
sensors. 70 frames / sec sampling rates were used. The table below (Table 4.4) shows the 
technical specifications of this device [21]. NOVEL Pedography Analyzer was used to analyze 
the pressure data obtained.  
Table 4.4: Technical specifications of the NOVEL EMED-SF/2 
 
The pressure measurement procedure was as follows: 
• _ Placement of the pressure platform on the ground. 
• The subject stood a distance of about 50 cm in front of the platform waiting to take the 
first step. 
• The landing and stepping off using the foot that was needed to be measured on the 
pressure sensitive area of the platform. 
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• The computer took the data acquired in the previous step and processed it. A print out of 
the footprint of the foot with different pressure distributions was then obtained. (Figure 
4.4). 
 
 
Figure 4.3: The NOVEL EMED-SF/2 pressure platform and subject 
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Figure 4.4: Pressure profile sample  
 
 
4.2.2 Shear Measurements 
The shear forces are usually the most overlooked measurements. Many well known 
companies have developed a way to measure global shear under the foot, but none of them were 
able to obtain an accurate measurement of localized shear at different part of the bottom of the 
foot. At our laboratories a shear device was developed to accomplish this task of measuring 
localized shear in addition to measuring pressures [26].  
4.3 Shear Measurement Device 
The shear and pressure device consists of 80 posts arranged in 8x10 array (Figure 4.5). 
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Figure 4.5: Shear and pressure measurements device 
 
Each post consists of 6 bridges that detect the anterior (A), posterior (P), medial (M), lateral (L), 
and vertical pressure (P). Bridges 1 & 3 detect the (AP) voltages, 2 & 4 detect the (ML) voltages, 
and 5 & 6 detect the (P) voltages (Figure 4.6). 
 
Figure 4.6: Post from the shear pressure measurement device 
4.3.1 Shear Data Collection 
Prior to data collection a trace of the subjects foot is needed this was done on a piece of 
paper that has a grid of the 80 posts (Figure 4.7). 
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Figure 4.7: A traceable grid containing the 80 posts 
  
This trace will be used in two ways, 1st as a guide for positioning the foot over the device, 2nd as 
the back ground in the visualization program later on. The final step is to visualize the actions of 
the waking trial; this was done by using the Footvis.exe (Figure 4.8) written in Visual Basic 
software. 
 
 
 
 
 
 
 
 
 
 
                        Figure 4.8: Visualization of a sample run 
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4.4 Skin Material Properties 
Experimental [6] data were used as a guide in the FE models to replicate the data by 
changing the mechanical properties which were then converted to stress and strain data. 
A total of 16 Three dimensional FE models of the skin were created to study the 
mechanical properties of the skin, each model consisted of a circular disk that is 26mm in 
diameter and a 1.5mm thick.  Each model was meshed using 8 node hexahedral elements.  Fixed 
boundary conditions were applied to each model and placed at the circumferential part of the 
disk geometry (Figure 4.9).   This was needed for comparison with our experimental. The 
loading was applied to each model such that the first model sees 200mmHg of pressure; the 
second model sees 175mmHg of pressure and so on for a total of eight models at a reduction rate 
of 25mmHg of pressure for each model (Table 4.5). This was done for eight diabetic skin models 
and eight none diabetic skin models to note the changes in the skin mechanical properties in 
diabetic and none diabetic plantar skin. The analytical strains were computed based on the 
Ogden model [21] (see Eq. (5)) and were compared to the experimental. By estimating the values 
of α‘s (The measure of increase in tangential modulus.) [31] and µ‘s and substituting the 
estimated values in the finite element model the, Ogden equation solution under loadings 
resulted in strain values. The strain values were then compared to the experimental strains. 
Manual optimization of the estimated values was then necessary to increase the match between 
experimental and computed results. For the purpose of reducing the amount of time the analysis 
of a foot model would take using a third degree Ogden model, a 1st degree Ogden model was 
then considered, which requires knowing the values of a single α and a single µ parameter.   
This again used a manual approach to optimize the values of α and µ in the Ogden equation.  
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Figure 4.9: Finite Element Model of a Circular Disk 
 
 
 
Table 4.5: Models loading scheme  
Pressure (mmHg)       Diabetic        Non-Diabetic 
  200        Model #1           Model #1 
  175        Model #2           Model #2 
  150        Model #3             Model #3 
  125        Model #4           Model #4 
  100        Model #5           Model #5 
   75        Model #6           Model #6 
   50        Model #7           Model #7 
   25        Model #8           Model #8 
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4.5 Fat & Muscle Material Properties 
Since it is extremely difficult to differentiate between the tissues of the fat and muscle in the 
MR images acquired for diabetic subjects, as the fat layer infiltrates the muscle layer, 
uniformity of material properties for both layers was assumed for all models using the fat 
material properties. 
 Miller-Young et al, performed compressive test on a small (8 mm in diameter) five fat 
cores acquired from a cadavers heel fat pad.  A material testing machine (MTS) was used to 
compress the samples. 
 Kao et al performed another test similar to Miller-Young’s test but the fat samples were 
confined inside a rubber sleeve. The samples used were from both diabetics and non-
diabetics (Table 4.6). 
Table 4.6: Ogden (N=3) fat model coefficients for non-diabetic and diabetic. 
Non‐diabetic  Diabetic
µi         αi  µi        αi
‐31.284 MPa  ‐3.323 0.620 MPa ‐4.159
16.988 MPa  ‐2.776 19.200 MPa ‐1.284
14.545 MPa  ‐3.82  ‐19.585 MPa ‐1.472
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4.6 Statistical analysis 
 
 Objective 1 used a linear regression type of statistical analysis to determine the 
following: 
1- Significance of age versus diabetic and non -diabetic subjects. 
2- Significance of having higher Von Mises stresses in the diabetic group. 
3- Significance of BMI in having high values of stresses in diabetic and non-diabetic 
subjects. 
 Objective 2 and 3 results were combined in an ANOVA type of statistical analysis using 
General Linear Model method to determine the controlling factor between subject, MTH, 
group, and layer on presence of high strains under pressure and shear loading. 
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Chapter V 
 
Finite Element Modeling 
 
5.0 Finite Element Model of Foot 
 
 The development of a finite element model of the foot requires the use of different 
software/tools. These software and tools have to be studied and analyzed thoroughly to insure the 
creation of a valid and reasonable three dimensional solid model of the foot. 
Therefore, it is essential to spend time on researching the best tools that need to be used to create 
an error free model before proceeding to the design and analysis stage.  If this is not followed, 
then all the time spent in analyzing a model will be completely worthless, since, the results will 
reflect invalidity and varying number of geometry and analysis errors.  For these reasons a lot of 
time was spent on researching the best and easiest way to create the solid model. 
 
5.1 Creation of 3-D Finite Element Model 
 
The following tools, procedures and software packages were utilized to create 3-D finite element 
models: 
1) Image J, this tool was used to transform the MRI images of the foot from a DCM file 
format into a JPEG format. 
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2)  Matlab, this mathematical software was utilized by building custom programs that will 
create polylines through a stage of segmentation of images. This process was tedious and 
time consuming, because at this stage an outline of the solid model is developed. (Figure 
5.1) 
 
Figure 5.1: Sample foot trace using Matlab code for segmentation. 
A total of 9 slices/images per foot have to undergo this procedure of segmentation each 
slice/image will have 7 shapes which includes the dermis, epidermis, and 5 MT. bones. 
At the end of this stage XYZ coordinates are generated using a small Visual Basic routine which, 
transfers these polylines and the coordinates into the next stage.   
3) Rhinoceros was used to build the solid model after the polylines traces of the foot were 
transferred. Lofting, creation of surfaces and solids was then performed (Figure 5.2 and 
5.3). 
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Figure 5.2: Transferred polylines traces 
 
 
Figure 5.3: Created surfaces and solids 
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5.2 Meshing 
The development of the mesh of the solid model was created using Cubit software. Due to 
the complex physiological nature of the models this software package produced the best quality 
mesh possible in the least amount of time. Meshing a biological model is time consuming due to 
the irregularity of the geometry. The time spent on this stage in order to come up with a good 
mesh, will reduce the amount of time needed to correct analysis errors produced in the next 
stage.  
A combined ten node Tet and eight node Hex mesh was used for the models. The fat, 
muscles, and bones were meshed using a 10 node Tetrahedral mesh (Figure 5.4). The skin was 
divided into two parts dermis and epidermis and both were meshed using an eight node Hex 
mesh. The size of the mesh was determined by the capability of the computer to run an accurate 
analysis with the most reasonable time and without the presence of negative Eigen values or 
highly distorted elements. Running models with coarser mesh resulted in failure of elements and 
high stress concentration. The models generated had number of elements ranging from 35,000 to 
45,000 elements depending on the geometry of the model created.  
 
Figure 5.4: Ten nodes Tetrahedral mesh of the foot, MT bone, and eight node Hex mesh of the skin 
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5.3 Boundary Conditions and Constraints  
 For any finite element model to run, appropriate constraints and boundary conditions 
have to be applied to the model. The following constraints & boundary conditions were applied 
to each model: 
1) The bones which were specified as linear elastic material had to be set as very stiff 
elements. Also, since these bones experience a certain degree of rotation under loading, 
non linear spring elements or connectors are needed at the end of each metatarsal bone 
[28]. In this study connector element were substituted with rotational angles. The reason 
for the substitution is that the non linear connector properties had to be changed for every 
model and that change did not follow any known mathematical form. Therefore, the 
rotational angles were obtained through measuring the changes in the angles of the foot 
from the relaxed position into the loaded position. 
2) Since the finite element models had two different types of meshes (10 node Tets & 8 
node Hexes) then another type of constraint was needed to insure continuity of the nodes 
and geometry for the purpose of successful analysis. Therefore, a tie condition was 
assigned between the foot (including the metatarsal bones.) and the skin (including the 
dermis and the epidermis.). This tie condition insured a continuous relationship between 
the Tet node and the Hex node elements and prevented stress concentration; this was 
done by tying the outer surface of the foot to the inner surface of the skin.   
3) The mesh density of the skin had to be much finer than the mesh density of the foot. This 
was very important to cut down analysis time, insure convergence and producing 
accurate solution to the model [20]. 
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4) The boundary conditions applied to each model consisted of fixing one of the metatarsal 
bones (1st metatarsal bone) against six degrees of freedom (three rotational and three 
translational degrees of freedom.) to avoid the production of negative eigen values and 
restraining the other four metatarsal bones against only five degrees of freedom (two 
rotational and three translational degrees of freedom). The sixth degree of freedom 
(rotational degree of freedom) was then assigned the previously measured rotational 
angles to simulate the straightening of the foot under loading. 
5.4 Application of the loads 
Once each model was assigned the appropriate material properties, constraints, and 
boundary conditions, loads were applied using the data acquired from the pressure platform. The 
procedures for applying the loads were as follow: 
1) The determination of which acquired trial data is the most representative of the 
actual pressure loading for each subject.  
2) The determination of which loading frame to be used from the chosen trial data. This 
was dependent on the presence of a reasonable pressure load in the frame chosen as 
it corresponds to the area of the foot modeled. 
3) Mapping of the pressure loading to the foot model this task was accomplished 
graphically through the use of Photoshop and Microsoft Paint. 
4) Once the pressure loads are completely applied, the shear loading acquired from the 
shear measurement device were applied using the same graphical procedure for 
applying the pressure loads.  
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5.5 limitations 
The question of what kind of mesh to use was a challenge, using a Hex mesh will require 
a vast amount of time and can not be completed automatically without user intervention, while 
using a linear Tet mesh will require less time and less user intervention (Figure 5.5), this will 
also produce stiff elements that lock and might not converge into a solution.  Algor software 
package was utilized to create a combined Tet and Hex mesh (Figure 5.6) and the results of the 
analysis were compared to a linear Tet mesh created using Cubit and a 10 node Tet mesh.  
 
Figure 5.5: Linear tetrahedral mesh of the foot using Cubit 
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Figure 5.6: A mix Tetrahedral & Hex mesh of the foot using Algor 
The difference between Hex & 10 node Tet meshes is the time required to produce finite 
element results (time of analysis) since, a Hex element has 8 nodes in comparison to the 10 node 
Tet elements, then less time is needed to complete the analysis. However, a Hex mesh requires as 
mentioned above a lot more time and user intervention to produce. The following table 
(Table5.1) lists the time needed to generate each type of mesh. 
Table 5.1: The time needed to generate each type of mesh. 
Mesh Type   
Time to 
Mesh  
Expected 
Analysis time   Expected Accuracy 
Tet 10 node   5 to 10 hrs  24 to 48 hrs   Good 
Hex   3 to 4 Wks  12 to 18 hrs   Good 
Mix(Linear 
Tet/Hex)   2 hrs  12 to 18 hrs   
depends on geometry & 
constraints 
Mix(10 
nodeTet/Hex)   2 hrs  18 to 36 hrs   
depends on geometry & 
constraints 
 
The result of testing the different schemes of meshing suggested that a mixed mesh 
(Hex/Linear Tet) might not be the best way to go; this is due to the appearance of artificial 
stresses in the results. The cause of these artificial stresses is that some of the shell elements in 
the skin are collapsing. Therefore, an elimination of theses elements from the results showed 
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better results with a contact stress between epidermis and dermis of about 2 MPa. The 10 node 
mesh had a restriction on the number of elements that can be used to since, computer hardware 
and run time can be an issue. Therefore, mixed mesh using a 10 node Tet and an 8 node Hex was 
used for all the models in this study. 
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Chapter VI 
 
Results 
 
Different studies were performed in this work to compare two groups of diabetic and non-
diabetic subjects for the induced mechanical stresses in their feet.  These included verifying the 
material properties of skin using FEM and comparing them with experimental values, also, a 
validation of these material models were performed to insure the validity of the stress results 
obtained.  
Tables 6.1 and 6.2 below show the Von Mises stress results for group 1 and group 2 each 
consisting of 10 diabetic and 10 non-diabetic subjects. 
Table 6.1: Group 1 (diabetic subjects) stress results 
Subject  Max Von Mises (MPa)
1  1.0717 
2  1.2110 
3  1.2553 
4  1.3070 
5  1.6802 
6  1.7453 
7  1.7533 
8  1.8300 
9  1.9645 
10  2.5100 
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Table 6.2: Group 2 (non-diabetic subjects) stress results 
Subject  Max Von Mises (MPa)
1  0.7160 
2  0.8259 
3  0.8701 
4  0.9138 
5  0.9810 
6  0.9874 
7  1.1100 
8  1.1960 
9  1.3040 
10  1.5100 
  
 Figure 6.1 below illustrates the differences between the two group’s stresses.  
 
Figure 6.1: Comparison of Von Mises Stress between Diabetic and Non diabetic Groups 
 
 Table 6.3 and figure 6.2 show a comparison of Von Mises stresses between diabetic and 
non-diabetic subjects based on ages ranging from 40 to 80 years. 
 
 
 
 
1 2 3 4 5 6 7 8 9 10
Group 2 Non‐Diabetic Mpa 0.716 0.825 0.870 0.913 0.981 0.987 1.110 1.196 1.304 1.510
Group 1 Diabetic 1.071 1.211 1.255 1.307 1.680 1.745 1.753 1.830 1.964 2.510
0.0000
0.5000
1.0000
1.5000
2.0000
2.5000
3.0000
V
on
 M
is
es
 M
Pa
A Comparison of Von Mises Stress Between Diabetic and 
Non Diabetic Groups 
70 
 
Table 6.3: Von Miss Stresses Between Diabetics & Non-Diabetics Based on Age. 
 
 
  
 
 
 
 
 
 
 
 
Figure 6.2: Von Miss Stresses Between Diabetics & Non-Diabetics Based on Age. 
 
 Tables 6.4 and 6.5 are showing the stress and the strain values for each subject both in 
diabetic and non-diabetic groups at the same location in the foot.  
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Table 6.4: Group 1 (diabetic subjects) stress results and its corresponding strain values 
Diabetic 
Subjects  Max Von Mises (MPa)  Strain in Epidermis
1  2.5100  0.0640
2  1.3070  0.0523
3  1.2553  0.0494
4  1.6802  0.0598
5  1.7533  0.0642
6  1.7453  0.0673
7  1.0717  0.0390
8  1.2110  0.0413
9  1.9645  0.0723
10  1.8300  0.0685
 
Table 6.5: Group 2 (Non-diabetic subjects) stress results and its corresponding strain values 
Non‐Diabetic 
Subjects  Max Von Mises (MPa)  Strain in Epidermis
1  0.8259  0.0317
2  0.8701  0.0348
3  0.9874  0.0409
4  0.9810  0.0359
5  1.1100  0.0287
6  1.1960  0.0445
7  1.3040  0.0489
8  0.7160  0.0260
9  0.9138  0.0364
10  1.5100  0.0584
 
 The table below (Table 6.6) shows a comparison between the diabetic and non-diabetic 
epidermal strains, notice that epidermal strains tend to be higher in diabetic subjects when 
compared with non-diabetic subjects. 
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Table 6.6: Comparison between the diabetic & non-diabetic epidermal strains  
Diabetic  Non‐Diabetic
Subjects  Strain in Epidermis Strain in Epidermis
1  0.0390  0.0317
2  0.0413  0.0348
3  0.0494  0.0409
4  0.0523  0.0359
5  0.0598  0.0287
6  0.0673  0.0445
7  0.0642  0.0489
8  0.0685  0.0260
9  0.0723  0.0364
10  0.0640  0.05836
  
      Figure 6.3 below is a representation of the differences in strain values between diabetic 
and non-diabetic subjects in the epidermis layer. 
 
 
 
 
  
 
 
 
 
 
Figure 6.3: Comparison between the diabetic & non-diabetic epidermal strains  
 The table below (Table 6.7) shows a comparison between the diabetic and non-diabetic 
dermal strains, notice that dermal strains tend to be higher in diabetic subjects when 
compared with non-diabetic subjects. 
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Table 6.7: Comparison between the diabetic & non-diabetic dermal strains  
Diabetic  Non‐Diabetic
Subjects  Strain in Dermis  Strain in Dermis
1  0.0684  0.0462
2  0.0961  0.0585
3  0.0719  0.0814
4  0.1549  0.0906
5  0.1470  0.0726
6  0.1830  0.0503
7  0.0987  0.0910
8  0.1530  0.0785
9  0.1122  0.0535
10  0.1054  0.1657
 
Figure 6.4 below is a representation of the differences in strain values between diabetic and 
non-diabetic subjects in the dermis layer. 
 
 
 
 
 
 
 
 
 
Figure 6.4: Comparison between the diabetic & non-diabetic dermal strains  
 The table below (Table 6.8) shows a comparison between the diabetic and non-diabetic 
fat & muscle strains, notice that fat & muscle strains tend to be higher in diabetic subjects 
when compared with non-diabetic subjects. 
 
 
74 
 
Table 6.8: Comparison between the diabetic & non-diabetic fat & muscle strains  
Diabetic  Non‐Diabetic
Subjects  Strain in fat and muscle. Strain in fat and muscle.
1  0.1375  0.1563
2  0.1534  0.1811
3  0.2065  0.1782
4  0.2421  0.1550
5  0.2492  0.1315
6  0.3536  0.1510
7  0.2440  0.1956
8  0.2630  0.1141
9  0.2787  0.1750
10  0.2528  0.2501
 
     Figure 6.5 below is a representation of the differences in strain values between diabetic 
and non-diabetic subjects in the fat and muscle layer. 
 
  Figure 6.5: Comparison between the diabetic & non-diabetic fat & muscle strains  
 
 The table below (Table 6.9) shows a comparison between the strains in the epidermis and 
the strain in the fat and muscle in feet of diabetic subjects, notice that fat & muscle strains 
tend to be higher than in the epidermis region. 
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Table 6.9: Comparison between the strains in the epidermis & the fat muscle region in diabetic group 
Diabetic 
Subjects  Strain in Epidermis Strain in fat and muscle.
1  0.0390  0.1375
2  0.0413  0.1534
3  0.0494  0.2065
4  0.0523  0.2421
5  0.0598  0.2492
6  0.0673  0.3536
7  0.0642  0.2440
8  0.0685  0.2630
9  0.0723  0.2787
10  0.0640  0.2528
 
      Figure 6.6 below is a representation of the differences in strain values between epidermis 
and the fat and muscle in diabetic subjects. 
 
       Figure 6.6: Comparison between the strains in the epidermis & the fat muscle region in diabetic group showing                
 higher strains were present in the deeper tissue levels 
 
 The table below (Table 6.10) shows a comparison between the strains in the epidermis 
and the strain in the fat and muscle in feet of non-diabetic subjects, notice that fat & muscle 
strains tend to be higher in the fat and muscle region than in the epidermis region. 
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Table 6.10: Comparison between the strains in the epidermis & the fat muscle region in non-diabetic group 
 
Non‐Diabetic
Subjects  Strain in Epidermis Strain in fat and muscle. 
1  0.0317  0.1563
2  0.0348  0.1811
3  0.0409  0.1782
4  0.0359  0.1550
5  0.0287  0.1315
6  0.0445  0.1510
7  0.0489  0.1956
8  0.0260  0.1141
9  0.0364  0.1750
10  0.05836  0.2501
 
      Figure 6.7 below is a representation of the differences in strain values between epidermis 
and the fat and muscle in non-diabetic subjects. 
 
Figure 6.7: Comparison between the strains in the epidermis & the fat muscle region in non-diabetic group showing 
higher strains were present in the deeper tissue levels 
 
 Table 6.11 below shows a comparison of the stress in diabetic subjects due to pressure 
and shear combined and due to pressure alone. The effect of shear as shown is minimal.  
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Table 6.11: Comparison of stresses in diabetic subjects between pressure and shear combined and pressure alone. 
Subject  Diabetic (Pressure & Shear) Diabetic (Pressure Alone)
1  2.5200  2.5100
2  1.2580  1.2553
3  1.3100  1.3070
4  1.6980  1.6802
5  1.7540  1.7533
 
 Figure 6.8 is a representation of the effect of shear when combined with pressure and 
how the presence of shear showed no significance in diabetic subjects.  
 
Figure 6.8: Comparison of stresses in diabetic subjects between pressure and shear combined and pressure alone. 
 
 Table 6.12 below shows a comparison of the stress in non-diabetic subjects due to 
pressure and shear combined and due to pressure alone. The effect of shear as shown is 
minimal.  
 
 
1 2 3 4 5
Von Mises Stresses Diabetic 
(Pressure&Shear) 2.5200 1.2580 1.3100 1.6980 1.7540
Von Mises Stresses Diabetic 
(Pressure Alone) 2.5100 1.2553 1.3070 1.6802 1.7533
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Table 6.12: Comparison of stresses in non-diabetic subjects between pressure and shear combined and pressure 
alone. 
Subject  Non‐Diabetic (Pressure & Shear) Non‐Diabetic (Pressure Alone) 
1  0.8260  0.8259
2  0.9138  0.9138
3  0.9878  0.9874
4  1.3045  1.3042
5  1.1963  1.1960
 
 Figure 6.9 is a representation of the effect of shear when combined with pressure and 
how the presence of shear showed no significance in non-diabetic subjects. 
 
Figure 6.9: Comparison of stresses in non-diabetic subjects between pressure and shear combined and pressure 
alone. 
  
 Figure 6.10 shows the stress contours of a diabetic subject’s foot under pressure loading 
alone.  This model was used to verify the effect of shear loading. When the shear magnitude 
was significantly higher the Von Mises stresses showed a significant increase in values per 
figure 6.11. 
 
1 2 3 4 5
Von Mises Stresses Non‐
Diabetic (Pressure&Shear) 0.8260 0.9138 0.9878 1.3045 1.1963
Von Mises Stresses Non‐
Diabetic (Pressure Alone) 0.8259 0.9138 0.9874 1.3042 1.1960
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Figure 6.10: Comparison of stresses pressure effects 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.11: Comparison of stresses pressure & shear combined when shear is significantly higher than 
pressure. 
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Figure 6.12: Contact Model Stress Location Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.13: Stress Location Results Based on Applied Pressures 
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Figure 6.14: Contact pressure results 
 
 Table 6.13 below shows the measure of displacement of the foot with respect to the base 
location of multiple points on the plantar surface of the foot. 
The table was obtained by locating the base point on the plantar surface of the foot at 7 different 
points. These points were between the 5th and the 1st metatarsal head. The displacement of these 
points were then measured and added to the base location. This was done to acquire the actual 
displaced location. When the five metatarsal heads displace and touch the ground the foot would 
then be flat on the ground. The sum of a displaced point and a base point would result in a 
displaced location of that point. The worst case scenario would occur at the largest difference 
value between two points in the displaced location column. An example of this would be as 
follows: 
((9.15E+01-8.05E+01)/9.15E+01) *100 = 12% Error. 
Therefore, the flatness is within 88.0% accuracy. 
   
82 
 
Averaging this for 10 feet, the flatness measure of accuracy is within approximately 91%. 
Other feet were excluded, due to vast variation of the base location that was caused by complex 
geometry.  
Table 6.13: Measure of flatness of the foot after loading 
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  9.12E+01 3.3100E‐01 3.3130E‐01  9.15E+01
4th MTH  9.07E+01 3.8100E‐01 3.8120E‐01  9.11E+01
3rd MTH  8.89E+01 ‐4.3800E‐01 ‐4.3820E‐01  8.85E+01
Between 3rd and 2nd MTH  8.53E+01 ‐1.7900E+00 ‐1.7904E+00  8.35E+01
2nd MTH  8.30E+01 ‐1.3500E+00 ‐1.3504E+00  8.17E+01
between 2nd and 1st MTH  8.21E+01 ‐1.4600E+00 ‐1.4606E+00  8.06E+01
1st MTH  8.19E+01 ‐1.3600E+00 ‐1.3608E+00  8.05E+01
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  8.40E+01 3.0900E‐03 N/A 8.40E+01
4th MTH  8.34E+01 2.6700E‐03 N/A 8.34E+01
3rd MTH  7.87E+01 1.9900E‐03 N/A 7.87E+01
Between 3rd and 2nd MTH  7.79E+01 ‐2.4100E‐04 N/A 7.79E+01
2nd MTH  7.58E+01 ‐2.7700E‐03 N/A 7.58E+01
between 2nd and 1st MTH  7.26E+01 ‐3.5800E‐03 N/A 7.26E+01
1st MTH  7.17E+01 ‐3.0300E‐03 N/A 7.17E+01
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  8.88E+01 1.2500E+00 1.2512E+00  9.01E+01
4th MTH  8.88E+01 1.1000E+00 1.1000E+00  8.99E+01
3rd MTH  8.70E+01 4.8100E‐01 4.8211E‐01  8.75E+01
Between 3rd and 2nd MTH  8.71E+01 ‐1.8500E‐01 ‐1.8519E‐01  8.69E+01
2nd MTH  8.69E+01 ‐5.4500E‐01 ‐5.4600E‐01  8.63E+01
between 2nd and 1st MTH  8.63E+01 ‐1.1000E+00 ‐1.1070E+00  8.52E+01
1st MTH  8.55E+01 ‐1.1400E+00 ‐1.1485E+00  8.44E+01
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
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5th MTH  9.88E+01 ‐6.0800E‐01 N/A 9.82E+01
4th MTH  9.61E+01 ‐4.7000E‐01 N/A 9.56E+01
3rd MTH  9.55E+01 ‐9.1100E‐01 N/A 9.46E+01
Between 3rd and 2nd MTH  9.52E+01 ‐1.5700E+00 N/A 9.36E+01
2nd MTH  9.69E+01 ‐1.6600E+00 N/A 9.53E+01
between 2nd and 1st MTH  9.48E+01 1.0800E+00 N/A 9.59E+01
1st MTH  9.43E+01 2.4900E+00 N/A 9.68E+01
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  9.36E+01 1.9500E+00 N/A 9.56E+01
4th MTH  9.42E+01 1.3800E+00 N/A 9.56E+01
3rd MTH  9.47E+01 6.2700E‐01 N/A 9.53E+01
Between 3rd and 2nd MTH  9.42E+01 ‐7.9800E‐02 N/A 9.41E+01
2nd MTH  9.50E+01 ‐1.3300E+00 N/A 9.36E+01
between 2nd and 1st MTH  9.51E+01 ‐2.6000E+00 N/A 9.25E+01
1st MTH  9.25E+01 1.5000E+00 N/A 9.40E+01
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  9.62E+01 1.6600E+00 1.6610E+00  9.79E+01
4th MTH  9.57E+01 1.1800E+00 1.1804E+00  9.69E+01
3rd MTH  9.33E+01 5.1500E‐01 5.1578E‐01  9.38E+01
Between 3rd and 2nd MTH  8.92E+01 ‐5.5100E‐02 ‐5.5143E‐02  8.91E+01
2nd MTH  8.64E+01 ‐2.8700E‐01 ‐2.8800E‐01  8.61E+01
between 2nd and 1st MTH  8.50E+01 ‐1.1900E+00 ‐1.1931E+00  8.38E+01
1st MTH  8.48E+01 ‐2.1300E+00 ‐2.1329E+00  8.27E+01
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  1.01E+02 1.7700E+00 1.7700E+00  1.02E+02
4th MTH  9.99E+01 1.2700E+00 1.2700E+00  1.01E+02
3rd MTH  9.88E+01 ‐3.7800E‐01 ‐3.7800E‐01  9.84E+01
Between 3rd and 2nd MTH  9.47E+01 ‐2.8100E+00 ‐2.8100E+00  9.19E+01
2nd MTH  9.18E+01 ‐2.3600E+00 ‐2.3600E+00  8.94E+01
between 2nd and 1st MTH  8.94E+01 ‐1.3300E+00 ‐1.3300E+00  8.80E+01
1st MTH  8.71E+01 ‐1.6700E‐01 ‐1.6700E‐01  8.69E+01
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Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  1.02E+02 2.4500E‐01 N/A 1.02E+02
4th MTH  9.74E+01 3.7800E‐01 N/A 9.77E+01
3rd MTH  8.91E+01 ‐6.5900E‐01 N/A 8.84E+01
Between 3rd and 2nd MTH  9.28E+01 ‐7.2200E‐01 N/A 9.21E+01
2nd MTH  9.66E+01 3.2600E‐01 N/A 9.69E+01
between 2nd and 1st MTH  9.89E+01 3.6700E‐01 N/A 9.93E+01
1st MTH  1.01E+02 2.5600E‐01 N/A 1.01E+02
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  9.99E+01 9.8700E‐02 N/A 1.00E+02
4th MTH  9.84E+01 3.5700E‐01 N/A 9.87E+01
3rd MTH  8.61E+01 ‐5.2800E‐01 N/A 8.56E+01
Between 3rd and 2nd MTH  9.09E+01 ‐7.3400E‐01 N/A 9.02E+01
2nd MTH  9.59E+01 2.9700E‐01 N/A 9.62E+01
between 2nd and 1st MTH  9.69E+01 3.5800E‐01 N/A 9.73E+01
1st MTH  8.96E+01 1.0900E‐02 N/A 8.96E+01
Location on foot  Base  Pressure 
Displacement 
Shear & 
Pressure 
Displacement 
Displaced 
Location 
5th MTH  9.87E+01 3.6900E‐01 N/A 9.91E+01
4th MTH  9.74E+01 ‐3.8000E‐01 N/A 9.70E+01
3rd MTH  9.63E+01 ‐1.3400E+00 N/A 9.49E+01
Between 3rd and 2nd MTH  9.57E+01 ‐1.4700E+00 N/A 9.42E+01
2nd MTH  9.31E+01 ‐1.2900E+00 N/A 9.18E+01
between 2nd and 1st MTH  9.17E+01 ‐1.2600E+00 N/A 9.05E+01
1st MTH  9.06E+01 ‐3.1800E‐01 N/A 9.03E+01
 
 Table 6.14 below shows the values of the Ogden coefficients for a degree (N=3) and a 
comparison between the experimental strain and the analytical strains resulted from the skin 
FEM in figure 4.9 of non-diabetic skin.  These values could not be used as unacceptable results 
for the diabetic groups using Ogden (N=3) were generated.  
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Table 6.14: Ogden 3rd degree non diabetic 
 
 
 
  
 
 
 
 
 Table 6.15 below shows the values of the Ogden coefficients for a degree (N=1) and a 
comparison between the experimental strain and the analytical strains resulted from the skin 
FEM in figure 4.9 for a diabetic skin.   
Table 6.15: Ogden 1st degree diabetic 
  Ogden 1st Degree Diabetic 
µ1 α1     
2.00 9.90E-05 Experimental 
Analytical   Diabetic Experimental Diabetic 
e P(mmHg) e P(mmHg) 
0.016 25 0.021 25 
0.028 50 0.037 50 
0.037 75 0.046 75 
0.048 100 0.053 100 
0.0576 125 0.058 125 
0.064 150 0.0648 150 
0.0684 175 0.069 175 
0.0745 200 0.073 200 
  
 Table 6.16 below shows the values of the Ogden coefficients for a degree (N=1) and a 
comparison between the experimental strain and the analytical strains resulted from the skin 
FEM in figure 4.9 for a non-diabetic skin.   
 
 
  Ogden 3rd Degree Non Diabetic   
µ1 α1 µ2 α2 µ3 α3 
-1.1 8 8.5 7.8 -5.9 7.4 
Experimental N-Diabetic   Analytical N-Diabetic   
e P(mmHg)   e P(mmHg)   
0.024 25   0.0219 25   
0.041 50   0.0392 50   
0.055 75   0.0526 75   
0.069 100   0.0636 100   
0.075 125   0.0733 125   
0.082 150   0.082 150   
0.087 175   0.0887 175   
0.092 200   0.098 200   
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Table 6.16: Ogden 1st degree non-diabetic 
  Ogden 1st Degree Non-Diabetic 
µ1 α1     
1.45 3.00E-05   
Analytical   N-Diabetic Experimental N-Diabetic 
e P(mmHg) e P(mmHg) 
0.0204 25 0.0219 25 
0.0408 50 0.0392 50 
0.0528 75 0.0526 75 
0.0627 100 0.0636 100 
0.0713 125 0.074 125 
0.0782 150 0.080 150 
0.0837 175 0.086 175 
0.0932 200 0.096 200 
 
 A graphical presentation of the Ogden 3rd degree of non-diabetic skin is shown below 
(Figure 6.15).  The figure shows a comparison between the experimental data and the analytical 
results for strain at applied hydrostatic pressure  
 
Figure 6.15: Ogden 3rd Degree diabetics (Comparison between Experimental & Analytical) 
  
 A graphical presentation of the Ogden 1st degree of diabetic skin is shown below (Figure 
6.16).  The figure shows a comparison between the experimental data and analytical results for 
strain at applied hydrostatic pressure.  
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Figure 6.16: Ogden 1st Degree Diabetic (Comparison between Experimental & Analytical) 
 
 A graphical presentation of the Ogden 1st degree of non-diabetic skin is shown below 
(Figure 6.17).  The graph shows a comparison between the experimental data and analytical 
results for strain at applied hydrostatic pressure. 
 
 
Figure 6.17: Ogden 1st Degree Non- Diabetic (Comparison between Experimental & Analytical) 
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 Figure 6.18 below is a graphical presentation of the Ogden 1st degree of diabetic skin.  
The graph is the stress strain curve for the analytical results.  
       
        Figure 6.18: Ogden 1st Degree Diabetic Stress Strain Graph 
 
 Below figure 6.19 is a graphical presentation of the Ogden 1st degree of non-diabetic 
skin.  The graph is the stress strain curve for the analytical results.  
 
 
 
 
 
 
 
 
 
Figure 6.19: Ogden 1st Degree Non-Diabetic Stress Strain Graph 
 Figure 6.20 is a contour presentation of the Von Mises stress distribution at the plantar 
surface of the foot due to applying diabetic skin material properties to a non-diabetic foot model.  
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Figure 6.20: Non-diabetic foot model with diabetic skin properties 
 
 Figure 6.21 is a contour presentation of the Von Mises stress distribution at the plantar 
surface of the foot due to applying non-diabetic skin material properties to a non-diabetic foot 
model.  
Changing the skin properties with keeping the model constant was done for the purpose of 
validating the sensitivity of the FE model to the change of skin material properties. This resulted 
in showing 20% higher Von Mises stresses when diabetic skin properties are used. 
 
 
 
 
 
 
 
 
Figure 6.21: Non-diabetic foot model with Non-diabetic skin properties 
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 The Von Mises stress results from both models is shown below in figure 6.22, indicating 
higher stress values for non-diabetics with diabetic skin properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.22: The effect of varying skin stiffness on Von Mises stresses 
 
To determine the skin stiffness ratio the following equation was used [22]: 
 K= σd(ε) /σn(ε)  
Where the ratio K, is the factor of stiffening of the diabetic tissue’s stress-strain relation, σd(ε), 
in respect to the normal one, σn(ε).  
 Figures 6.23 and 6.24 below show how the maximum predicted epidermal strains from 
the 20 FE models compare to the maximum skin strain results obtained from the analytical 
procedure. These figures were obtained using data from tables 6.15 and 6.16 for both diabetics 
and non-diabetics.  
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 Figures 6.25 and 6.26 below are the stress strain presentation of the mechanical 
properties of fat that were used in the FE models. The stress strain data generated in graphs 
below were based on the 3rd degree Ogden model coefficient listed in table 4.6. 
 
Figure 6.25: Stress strain curve of fat mechanical properties used in FE models for non diabetics. 
 
 
 
Figure 6.26: Stress strain curve of fat mechanical properties used in FE models for diabetics. 
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Chapter VII 
Discussion 
 A total of three objectives were investigated in this study to further understand the stress 
strain and deformation mechanisms in the foot during normal gate. 
  This study included the pressure and the shear loadings for two groups, the first one was 
the diabetic group and the second one was the non-diabetic group.  
7.1 Verification of the 1st Objective  
Objective 1:  To create a three dimensional model for the purpose of studying the difference in 
the mechanical stresses in the feet of diabetic and non-diabetic patients and, to show the 
correlation between these stresses and the location of foot ulcers in diabetic patients.  
 The above objective was verified using the finite element models for a total of 20 
subjects, 10 diabetic and 10 non diabetic. This objective was found to hold true as seen in the 
tabulated results in chapter 6 (Table 6.1 and 6.2). The stresses reported in this study were 
difficult to compare to other published results because of the difference in the modeling 
decisions, such as the type of mesh used (the difference between linear and quadratic elements). 
Gefen, reported high stresses in the range of 150.0MPa [22] this is an order of magnitude less 
than what this study predicted. This variation in the results can be due to the differences in the 
material properties used and to the methodology of analysis as Gefen used a two dimensional 
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model for his study. The Von Mises stress results of this study was in the same order of 
magnitude as the study done by Chen, were he reported maximum plantar surface stress of 
1.003MPa [23]. Chen’s model used the assumption that all material properties are linear elastic 
material, disregarding hyperelasticity of the material.  
Additionally when comparing diabetic subjects with non-diabetic subjects based on age, the 
result showed that age is not a contributing factor between the two groups and was not 
significant in each individual group. This could be due to life style and body weight.  
7.2 Verification of the 2nd Objective  
 
Objective 2:  To show that higher strains are present in fat and muscle than in the dermis and 
also higher strains are in the dermis than in the epidermis. 
 The stress and strain values measured were chosen at 4 different locations in the foot, 
these areas were the first, second, third and fourth metatarsal head. The stresses measured were 
the Von Mises stresses and the strains were the vertical engineering strains. The vertical strains 
were chosen to be measured as they act in the same direction as the applied pressure loads.  
These results showed that higher strain values exist deep within the inner parts of the tissues 
when compared with its outer parts. In other words the strain values were consistently higher in 
the dermis part than in the epidermis and this also held true when the strains in the epidermis and 
dermis were compared to the strains in fat and muscle region within the foot.  This leads to the 
conclusion that the areas of higher strains could experience higher stresses. Comparing the 
internal stresses within the fat and muscle regions with those of the outer part of the epidermis 
did not show the presence of higher stresses in the fat, this is probably due to the mechanical 
properties of the fat and muscle regions, since they are highly viscoelastic. It is also important to 
realize that with this type of material, the absence of high stresses in the inner layer of the model 
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does not negate that higher stresses do exist for the material itself that could cause the material to 
reach a level of failure in a tearing mode.  The following was observed in the results produced by 
20 FE models: 
1) Higher stresses where always present at the areas of high strains in the epidermis (Table 
6.4 and 6.5), also, diabetic subjects tend to have higher strain values than non-diabetic 
subjects at all tissue levels (Table 6.6, 6.7 and 6.8), (Figure 6.3, 6.4 and 6.5). 
2) Higher strains were always present in the deeper tissue levels compared with the 
epidermis in both diabetic and non-diabetic groups (Table 6.9 and6.10), (Figures 6.6 and 
6.7). 
3) The stresses at the interface of dermis and fat were higher than in the dermis which 
means that inner part of the tissue layer could experience high stresses as reported in 
Gefen’s study [22]. 
4) It was noticed that ulcers were not always occurring in the areas were the Von Mises 
stresses were high as predicted by the FEM, but they were sometime occurring close to 
the areas of higher internal strains, which leads one to the belief that other phenomenon 
are taking place at the deeper layers of the tissues. 
7.3 Verification of the 3rd Objective  
 
Objective 3:  Pressure alone would likely underestimate the accurate loading of the foot and 
does not give a precise presentation of the mechanical stresses in the foot. Hence, the shear 
loading and the shear effects must be combined with the pressure loading to recreate a more 
realistic representation of stresses in the foot. 
 Unfortunately, this is the first study to take the shear loading into consideration. 
Therefore, no comparison of results is available. In this study, the models did not show the 
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significance of shear presence on stress. This was done for 5 diabetic and 5 non-diabetic models 
(Table 6.11 and 6.12), (Figure 6.8 and 6.9). This was due to the low magnitude of shear when 
compared with pressures magnitude. The difference in peak magnitudes of shear and pressure 
was at least 7 times more pressure than shear. This large difference in magnitude caused the 
shear effects to be masked by the effect of pressure. This fact was tested and verified using 
another FE model using large shear values. The model showed that if the shear magnitudes were 
to exceed the pressure magnitudes significantly, then the shear affects will be noticeable (Figure 
6.10 and 6. 11).  
 It was apparent that the shear affects will not be noticeable unless the shear load is much 
larger than the pressure. The model in figures 6.2 was loaded with shear loads twice as large as 
the pressure loads to illustrate the shear affects. Another reason that the shear influence would 
not be apparent is that these shear loads are applied as nodal forces and have positive and 
negative values (directional values) and therefore the addition of these forces will result in a 
smaller shear force applied. 
7.4 Validation of the FE Model 
 
 A finite element model was constructed to validate the accuracy of methodology used for 
the 20 FE models (Figure 7.1).  This model used contact elements between the foot and the 
ground. This was done to obtain an approximate location of maximum stress occurrence due to 
contact with ground. A comparison was made between the contact model contour results, and the 
contour results of the foot model. The foot model results are due to application of pressure load. 
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 Figure 7.1: Contact Model using contact elements between the foot and the ground to obtain an 
 approximate location of maximum stress occurrence 
 
 Figures 6.12 and 6.13 showed a close proximity in the locations of maximum stress 
occurrence in the contact model and the applied pressure model. The stress values could not be 
matched due to the need of further displacement of the plate which would increase the pressure 
distribution values beyond what this model actually experiences at the location of high stress 
occurrence (pressure value range 400 to 730KPa) (Figure 6.14). This is an indication of the 
existence of other factors that are causing this such as, the material properties of muscle and 
ligaments being considered the same, muscle activation level, and other modeling assumptions. 
Another reason why increasing the plate displacement would not be feasible is the solution 
convergence criteria as this would tend to have the elements become highly distorted forcing the 
model to develop multi negative Eigen values.  
 A measure of how flat the foot becomes after the application of the load was conducted.  
Measuring the lowest point as a reference point on the plantar surface as if it was flat and then 
measuring the displacements at multiple locations on the plantar surface with respect to that 
reference point a measure of flatness was obtained. This was in the area of about 91% flatter than 
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the foot was before the application of pressure load (Table 6.13).  The shear load did not increase 
the flatness of the foot as seen in table 6.13.  
7.5 Skin Material Properties Validation 
 
The experimental results showed the stiffness (slope of the loading deflection curve at the 
hydrostatic pressure point of 150 mmHg) for both diabetic and non diabetic skin samples. The 
stiffness was significantly higher for the diabetic skin samples than in the non diabetic skin 
samples (p<0.05), with a mean of 6.3x105 N/m2 in diabetic skin samples verses 5.6x105 N/m2 in 
non diabetic skin samples.  
The results for the analytical models were broken into two groups, the first where the results 
from the third degree Ogden function, and the second from the first degree Ogden function. 
The results in chapter 6 were summarized as follow: 
1) Ogden 3rd degree non diabetic (Table 6.14). 
2) Ogden 1st degree diabetic (Table 6.15). 
3) Ogden 1st degree non diabetic (Table 6.16). 
The results showed that when the diabetic skin is compared to non diabetic skin the 
stiffness of the diabetic skin is 11.5% higher than the stiffness of the non diabetic skin.  
The stiffness from the analytical data for the diabetic case from table 6.15 at 150 mmHg 
of pressure was 6.18x10 5 while it was (6.3±1.2) x105 from the experimental data, showing that 
the result from the analytical procedure was within 2% from the experimental data. 
The stiffness from the analytical data for the non diabetic case from table 6.16 at 150 
mmHg of pressure was 5.38x10 5 while it was (5.65±1.2) x105 from the experimental data, 
showing that the result from the analytical procedure was less than 5% from the experimental 
data.  
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  A comparison between the experimental results and the analytical results are shown in 
(Figures 6.15, 6.16 and 6.17) in chapter 6.  Also, the actual mechanical stress strain behavior of 
the material (Figures 6.18 and 6.19) indicates a linear range at lower stresses changing to a non 
linear material at higher stresses. 
7.6 Skin Material Properties Validation Model 
 
 This model consisted of applying diabetic skin material properties to a non diabetic foot 
model under the same loading and boundary conditions for the purpose of monitoring the 
changes in the stress values and comparing the results (Figure 6.20 and 6.21). 
 Comparing the results from both models showed that the non-diabetic model with 
diabetic skin properties exhibited higher stress values than the non-diabetic model with non-
diabetic skin properties, the values were 1.13MPa and 0.91Mpa respectively (Figure 6.22) in 
chapter 6.  A value of K that can range from 1.0 for normal tissue to 5 for progressive stiffening 
tissue [22] was determined to be K=1.533. This value was based on the stresses shown in figure 
6.22.  
The ratio of the epidermal and dermal stiffness were determined to be about 1000 times higher 
for epidermal than for dermal. This agrees with values published by Mansour [35] where these 
values can reach up to 10,000 times higher. 
7.7 Fat Material Properties Review 
 
 From figures 6.25 and 6.26 which showed the stress strain relation in fat, stiffness values 
were derived from the slopes and compared to published data. The slope of the stress strain 
curve for non-diabetics yield a stiffness value of about 1MPa at 10% strain, and about 
0.95MPa at 20% strain. The slope values obtained from a study conducted by Ledoux were 
.025MPa at 10% strain and 0.225MPa at 20% strain.  
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 In the case of the study conducted by Miller-Young, the samples were unconfined in the 
perpendicular direction of the loading [34], the mechanical properties obtained had very low 
stiffness causing instability in the FEM analysis. 
 In the case of the study performed by Kao et al [27], the study had better results than the 
Miller-Young’s test results providing stress strain data that is one order of magnitude higher 
than the unconfined test. These values were used in this study and an Ogden hyperelastic 
model of the third order was generated for the purpose of this study (Table 4.6). 
7.8 Limitations of This Study 
 
As with many engineering problems limitations were present in this study. These limitations 
were due to the complex nature of the foot geometry, and the vast changes in the foot geometry 
from one subject to another.  
7.8.1 Geometry and meshing limitations 
The human foot consists of muscle, fat, bones, and skin. The MRI images portray   these 
regions with different gray scaling to show each area, but in a diabetic foot these regions are 
often intertwined in a way that makes it impossible to differentiate or segment. Many 
segmentation methods and commercial programs were tried to get better outlines of the foot and 
each region, but because of the infiltration of the fat region into the muscle region these methods 
and commercial programs failed to accomplish the task successfully. Therefore, the fat and 
muscle regions were combined into one region and assigned the same hyperelastic property.    
Meshing the produced geometry was another challenge. Different meshing software were 
tried such as True Grid, Cubit and Algor were explored, to develop the mesh of the solid model 
created, each of these packages have different limitations due to the physiological nature of the 
model therefore, they were used in conjunction with each other to produce the best quality mesh 
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possible in the least amount of time. Meshing a biological model is time consuming due to the 
irregularity of the geometry. The time spent on this stage in order to come up with a good mesh, 
will reduce the amount of time needed in correcting analysis errors produced in the next stage.  
7.8.2 Other Limitations 
The finite element models in this study were very challenging due to the complexity of 
geometry of foot. To reduce this complexity, assumption were made for combining the material 
properties of fat and muscle and the effects of tendons and fluids were disregarded. It is also 
important to mention that results can be affected by subject’s weights, duration of diabetes and 
how well the blood sugar is controlled as uncontrollable blood sugar, can affect the physiological 
state of tissues from having more fat infiltration in the muscle, to having thicker fat pad.   
In the future, the results will improve as better computing methods and resources become 
available, and as better material properties evolve.  
 
 
 
 
 
 
 
 
 
 
 
102 
 
7.9 Conclusion 
The finite element analysis technique has been widely used in the biomechanics field. Its 
importance lies in studying the mechanical behavior of some organ or body part function. This 
method of analysis is capable of predicting stresses strains and displacements when the proper 
boundary conditions, material properties, and loads are applied. While the time-dependent 
mechanical properties of skin were not assessed in this study, the results should be applicable to 
FE models of the foot that experience low loading rates.  In these models, it is strongly suggested 
that appropriate values for skin stiffness be assigned to elements representing the dermis and that 
differences between diabetic and non-diabetic skin be included, since these are very likely key 
determinants of internal tissues stresses. The models developed in this study provide information 
about the interaction of different tissues under pressure and shear loading to produce Von Mises 
stresses. 
In this study, the stresses that were chosen to report were the Von Mises stresses because 
they provide a scalar representation of all the components of stress tensors. Additional stress 
components can be obtained for more information about the stress state of the foot. 
 The finite element models produced in this study were extremely challenging as 
mentioned in chapter 5 due to the geometric complexity of the foot models and the physiological 
nature of feet under loading. Certain assumptions had to be made to be able to produce as 
realistic of models as possible with the restrictions that these were purely single phase models 
and the fluid affects and ligaments properties were not considered. 
 In the future, these results can be improved by having better material properties of the 
different materials such as the fat the muscles and adding to that the properties of ligaments, also 
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if the influence of fluids were to be added to these models better understanding of the stress 
distribution would be achieved. 
 All this would be more possible as better more efficient computing resources become 
available. Also, mesh densities can be improved if more efficient computing resources would 
become available, as these models can have very large number of elements and nodes which 
could overcome the geometric complexities, but would require more computing power.  The 
time that takes these models to produce results is extremely long and with the new generation of 
computers this time can maybe cut in half  and that would give more time to the engineer to look 
at results interactively and not having to wait days to look at results to deem it as valid or invalid. 
The verification of the three hypotheses showed the following: 
• Diabetic subjects showed higher stresses when compared to non diabetic subjects.  This 
was consistent with findings documented by others such as Gefen [22], Morales [21]. 
• Higher strains are present in the tissues of diabetic subjects than in the tissues of non 
diabetic subject. 
• Higher strains are present in deeper tissue layers when compared with the outer tissue 
layers, which indicates that fat parts of the soft tissue might be experiencing undetected 
mechanical tearing and in essence undetected high stresses. Gefen [22] reported that it is 
very likely that the development of an injury might be initiated at deeper tissue layers 
and not on the surface of the skin.  
• Shear affects did not govern instead pressure was the controlling factor in the presence 
of high stresses.  
• The certainty of a specified patient forming a foot ulcer in the future might be in 
understanding the presence of high strains and their locations. 
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 This study showed a new method to studying diabetic foot through finite element 
modeling by creating mix meshes of tetrahedral and hexahedral elements, also this study used 
quadratic 10 node tetrahedral elements to analyze the foot which has never been used in previous 
studies. Shear was studied extensively for multiple subjects to see the affects of shear on 
presence of high stresses. 
 Strains were obtained for multiple layers of tissues and at multiple locations to further 
understand the mechanical response to loading in all tissue layers and at multiple locations. 
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Appendix A 
Other Strain Values  
A.1:  Strain values at different locations of foot for 10 non-diabetic subjects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
110 
 
 
A.2:  Strain values at different locations of foot for 10 diabetic subjects. 
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Appendix B 
Statistical Results Using ANOVA  
  
General Linear Model: Strain versus Subject, MT, Group, Layer  
 
Factor   Type    Levels  Values 
Subject  random       5  1, 2, 3, 4, 5 
MT       fixed        4  1, 2, 3, 4 
Group    fixed        2  1, 2 
Layer    fixed        3  1, 2, 3 
 
 
Analysis of Variance for Strain, using Adjusted SS for Tests 
 
Source        DF    Seq SS    Adj SS    Adj MS      F      P 
Pressure KPa   1  0.016625  0.000210  0.000210   0.08  0.779 
Shear Kpa      1  0.026051  0.005167  0.005167   1.96  0.165 
Subject        4  0.037201  0.027205  0.006801   2.58  0.043 
MT             3  0.055515  0.061835  0.020612   7.81  0.001 
Group          1  0.011404  0.000203  0.000203   0.08  0.782 
Layer          2  0.103416  0.103416  0.051708  19.61  0.001 
Error         87  0.229457  0.229457  0.002637 
Total         99  0.479670 
 
The above indicates that Subject, MT and Layer are the most significant. 
 
Regression Analysis: Age versus Diabetic MPa, Non -diabetic MPa 
 
 
The regression equation is 
Age = 29.7 + 10.6 Diabetic MPa + 15.2 Non -diabetic MPa 
 
Predictor        Coef     SE Coef          T        P 
Constant        29.67       31.13       0.95    0.368 
Diabetic        10.59       10.88       0.97    0.359 
Non -dia        15.20       20.09       0.76    0.471 
 
S = 13.61       R-Sq = 13.0%     R-Sq(adj) = 0.0% 
 
Analysis of Variance 
 
Source            DF          SS          MS         F        P 
Regression         2       222.0       111.0      0.60    0.572 
Residual Error     8      1482.6       185.3 
Total             10      1704.5 
 
Source       DF      Seq SS 
Diabetic      1       115.8 
Non -dia      1       106.1 
 
 
The above regression analysis states that age is not a determining factor. 
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Regression Analysis: Group 1 Non-Diabetic versus Group 2 Diabetic 
 
 
The regression equation is 
Group 1 Non-Diabetic = 0.164 + 0.537 Group 2 Diabetic 
 
Predictor        Coef     SE Coef          T        P 
Constant      0.16403     0.08436       1.94    0.088 
Group 2       0.53735     0.05010      10.73    0.000 
 
S = 0.06512     R-Sq = 93.5%     R-Sq(adj) = 92.7% 
 
Analysis of Variance 
 
Source            DF          SS          MS         F        P 
Regression         1     0.48775     0.48775    115.03    0.000 
Residual Error     8     0.03392     0.00424 
Total              9     0.52167 
 
 
The above regression analysis states that being diabetic has very high probability of 
having higher stresses than being non-diabetic. 
 
Regression Analysis: Diabetic Results Max Von Mises versus BMI 
 
 
The regression equation is 
Diabetic Results Max Von Mises = 1.12 + 0.0164 BMI 
 
Predictor        Coef     SE Coef          T        P 
Constant        1.121       1.049       1.07    0.334 
BMI           0.01635     0.03900       0.42    0.692 
 
S = 0.5395      R-Sq = 3.4%      R-Sq(adj) = 0.0% 
 
Analysis of Variance 
 
Source            DF          SS          MS         F        P 
Regression         1      0.0512      0.0512      0.18    0.692 
Residual Error     5      1.4553      0.2911 
Total              6      1.5065 
 
 
This indicates that BMI is not a determining factor for presence of high stresses in 
diabetic subjects. 
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Regression Analysis: NON-Diabetic Results Max Von Mises versus BMI 
 
 
The regression equation is 
NON-Diabetic Results Max Von Mi = 1.00 + 0.0015 BMI 
 
Predictor        Coef     SE Coef          T        P 
Constant       1.0005      0.2961       3.38    0.020 
BMI           0.00154     0.01101       0.14    0.894 
 
S = 0.1523      R-Sq = 0.4%      R-Sq(adj) = 0.0% 
 
Analysis of Variance 
 
Source            DF          SS          MS         F        P 
Regression         1     0.00045     0.00045      0.02    0.894 
Residual Error     5     0.11591     0.02318 
Total              6     0.11637 
 
 
 
This indicates that BMI is not a determining factor for presence of high stresses in non-
diabetic subjects. 
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Appendix C 
C.1    Von Mises Stress Plots Diabetic Subjects. 
The following pages contain the Von Mises plots for 10 diabetic subjects. 
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Figure C.1: Von Mises stress plot for diabetic subject1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
116 
 
Figure C.2: Von Mises stress plot for diabetic subject2 
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Figure C.3: Von Mises stress plot for diabetic subject3 
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Figure C.4: Von Mises stress plot for diabetic subject4 
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Figure C.5: Von Mises stress plot for diabetic subject5 
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Figure C.6: Von Mises stress plot for diabetic subject6 
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Figure C.7: Von Mises stress plot for diabetic subject7 
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Figure C.8: Von Mises stress plot for diabetic subject8 
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Figure C.9: Von Mises stress plot for diabetic subject9 
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Figure C.10: Von Mises stress plot for diabetic subject10 
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C.2    Von Mises Stress Plots Non-Diabetic Subjects. 
The following pages contain the Von Mises plots for 10 non-diabetic subjects. 
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Figure C.11: Von Mises stress plot for non-diabetic subject1 
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Figure C.12: Von Mises stress plot for non-diabetic subject2 
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Figure C.13: Von Mises stress plot for non-diabetic subject3 
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Figure C.14: Von Mises stress plot for non-diabetic subject4 
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Figure C.15: Von Mises stress plot for non-diabetic subject5 
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Figure C.16: Von Mises stress plot for non-diabetic subject6 
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Figure C.17: Von Mises stress plot for non-diabetic subject7 
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Figure C.18: Von Mises stress plot for non-diabetic subject8 
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Figure C.19: Von Mises stress plot for non-diabetic subject9 
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Figure C.20: Von Mises stress plot for non-diabetic subject10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
